All processes and functions taking place in the rhizosphere are dominated by the activities of plant roots, rhizosphere microorganisms and root-microorganism interactions, and enzymes are recognized as main actors of all activities occurring in rhizosphere environments. Rhizosphere enzymes have, in general, a higher activity than those operating in bulk soil, as the rhizosphere soil is richer in organic C substrates. Enzymes, produced and released by both roots and microorganisms concur to altering the availability of nutrients in the rhizosphere, being implied in the hydrolysis of C-substrates and organic forms of nutrients such as N, P and S.
Introduction
Rhizosphere is a peculiar soil microenvironment where soil properties, plant-roots and microorganisms (Hinsinger et al., 2006) . Gianfreda In the rhizosphere, all organism physiological activities will result in changes of soil parameters and processes that determine nutrients availability. This latter will depend on how much each organism is capable to alter it in his 'bio-influenced zone'. In addition, nutrients bioavailability varies from one species or even from one genotype to another within a single species, depending on plant ability to alter rhizosphere processes and properties.
Another major process that can concur to altering the availability of nutrients in the rhizosphere is the release by roots and microorganisms of enzymes implied in the hydrolysis of organic forms of nutrients such as N, P and S. Their activity, regulation and Rhizosphere has been defined in several ways, all to underline the peculiar activities occurring in it. Hinsinger et al., (2008) called rhizosphere the "bio-influenced zone", i.e. the portion of the environment with which an organism interacts.
Rhizosphere can also be considered as "a hot spot of activity" within soils and the 'bottle neck" not only of the supply of vital elements to sustain ecosystem productivity and integrity and food security but also of the contamination of the terrestrial food chain by inorganic and organic pollutants to endanger human and animal health.
According to Raaijmakers et al. (2009) , the rhizosphere may "harbor" microorganisms that can have not only beneficial but also deleterious effects on the plant. Pathogenic fungi, oomycetes, bacteria and nematodes can all exert adverse effects on plant growth and health, whereas nitrogen-fixing bacteria, endo-and ectomycorrhizal fungi and plant-growthpromoting bacteria (PGPR) and fungi are beneficial to plants. These two groups of microorganisms, Rhizosphere enzymes production influence the development, composition and activity of rhizosphere microbial population and allow microorganisms to utilize preferentially the most suitable substrate for their growth. Therefore, the production and activity of rhizosphere microbial enzymes largely determines the state of health of plants.
The scope of the paper is to provide a brief overview of findings dealing with rhizosphere enzymes. The main factors affecting rhizosphere enzymes production and activity will be examined. A special emphasis will be devoted to interactions between microorganisms (including those genetically modified) and rhizosphere enzymes.
Rhizosphere enzymes
Many findings are available in literature on the allocation of enzyme activities in bulk and rhizosphere soils (Naseby and Lynch, 2002; Marinari et al., 2014) . As plants takeup their nutrients through the rhizosphere, the inhabitant microbial community and its activity and function have a high significance for plant growth. Therefore, a great interest has been dedicated to: a) the accumulation of enzymes at interfaces between soil and plant roots; b) the participation of enzymes originating from proteins produced by plant roots and discharged in their surrounding rhizosphere soil; c) the effect of plant species composition and root type; d) the contribution of root mycorrhization on enzyme activities of rhizosphere soil (see Gianfreda and Ruggiero, 2006; Egamberdieva et al., 2011; Marinari et al., 2014) .
This interest is well documented by the doubling of the percentage of articles between years 2000-2013 with both keywords "soil enzymes" and "rhizosphere" on total articles with only "soil enzymes" as keyword (Marinari et al., 2014) .
Enzyme activities of rhizosphere soils are generally higher than those of the bulk soil are. The higher enzyme activity of the rhizosphere depends not only on the stimulation of root-associated microbial activity by rhizodeposition but also on the release of enzymes by roots or by lysis of root cells. These enzymes are usually wall-associated enzymes and catalyze the formation of products, which are up-taken by plant roots or rhizosphere microorganisms (Gramss et al., 1999; Chroma et al., 2002; Harvey et al., 2002) . Therefore, the enzyme activities at plant-soil interface may reflect improvement of the highly integrated microorganism-plant associations (symbiotic and plant growth promoting rhizobacteria) and control of plant pathogens and pests. It can be claimed that the enzyme activity profile of rhizosphere is a footprint of plant-microorganism interactions. Moreover, as well established by Dick (1994 Dick ( , 1997 , soil enzyme activities (including rhizosphere ones) can be useful indexes of changes occurring in the microbial functioning in soil, as affected by various and different factors.
Classes of rhizosphere enzymes
Rhizosphere enzymes are classified in two main categories:
Enzymes, cytosolic in origin, but in association with cell debris, serving more likely as a ready source of carbon, nitrogen and reducing equivalents for the growth of microbial communities Extracellular enzymes deliberately secreted by plant roots or microbes to the external environment. They either serve a protective function (oxidoreductases) and oxidize extracellular toxic soluble phenolic metabolites to insoluble polymerized products or have a degradative function (hydrolases and oxidoreductases) and hydrolyze or oxidize polymeric substrates such as lignin, humic acids or phenols for Gianfreda metabolic purposes. Since oxidoreductases show an apparent lack of substrate specificity, they are able to transform organic xenobiotics as well and this property has prompted efforts to exploit these enzymes for bioremediation purposes.
Phosphatases are typically more abundant in the rhizosphere and have been, likely, the most studied rhizosphere enzymes. As better explained below, further insights in the distribution of microbial-and root-derived phosphatase activities were provided by and Kuzyakov (2013, 2014) in their studies with the new technique soil zymography.
A strict correlation exists between phosphatases, originating from plant roots, and phosphorus nutrition of plants, particularly in rhizosphere soils of mycorrhiza-colonized plants (Gianfreda and Ruggiero, 2006 and references therein).
In natural and mined soil, Kumar et al. (2011) demonstrated that both acid and alkaline phosphatase activities had good relationships with inorganic P fractions and their activity varied with mycorrhizal association.
In their recent study, Maseko and Dakora (2013) assayed acid and alkaline phosphatases in rhizosphere and bulk soils of legumes, N 2 -fixing, mychorrizal, A. caledonensis, that showed the second highest P enzyme activity, the lowest rhizosphere Pi and a greater concentration of P in shoots, suggests that rapid uptake of inorganic P occurred in A. caledonensis roots. As also observed for other plant species and genotypes, it could be inherently related to a greater P demand by A. caledonensis compared to the other co-occurring species such as A. aspalathoides and C. genistoides.
Evidently "The intensity of acid phosphatase enzyme exudation is strongly influenced by the P demand of the plant species" (Maseko and Dakora, 2013). George et al. (2002 George et al. ( , 2008 already provided evidence on the relationship between P and phosphatase activities. Studies performed on agroforestry species showed that phosphatase activities actively increased in the rhizosphere of agroforestry species, either directly by secretion or indirectly by stimulation of microbial activity and/or depletion of Pi (George et al., 2002) . Moreover, investigations were carried out to evaluate whether genotypic variation in rootassociated phosphatase activities in wheat could affect its ability to acquire phosphorus (P). Activities of root-associated phosphatase of plants against different organic P substrates and of representative genotypes were measured in both agar culture and in soils with differing organic P contents. Relationships were found between differences in the activities of both root-associated and exuded phosphatases and the P content of plants (George et al., 2008) .
Obviously, rhizosphere contains other enzymes in addition to phosphatases. In the rhizosphere of Citrus unshiu, positive correlations were found between the spatial distribution of total and easily extractable glomalin-related soil protein (GRSP), root mycorrhization, soil water-stable aggregates, water-extractable or hydrolysable carbohydrates and β-glucosidase (Wu et al., 2012) . By contrast, negative correlations were found with protease. Rhizosphere enzymes In a boreal fire chronosequence in Alaska, Gartner et al.(2012) 
Factors affecting production and activity of rhizosphere enzymes
The activity and production of rhizosphere enzymes is affecting by several factors such as root exudates, atmospheric CO 2 , plant growth, soil management, temperature and aridity, salinity, plant-microorganism interactions, contaminants. Each of these factors will be briefly examined in the following gparagraphs. (Renella et al., 2007) , indoleacetic acid (IAA) and ethylene-polyamine (E) precursors, as representative of phytohormones .
Root exudates
Acid and alkaline phosphatases, phosphodiesterase, β-glucosidase, β-galactosidase, urease, protease were investigated hydrolases.
The main results indicated that significant stimulation of rhizosphere enzymes occurred by LMWOC release depending on the compound released and the type of soil (sandy or clays soil), whereas stimulation in the Gianfreda bulk soil layer was not significant in any case (Renella et al., 2007) .
IAA precursor significantly increased phosphatase, β-glucosidase, urease and protease activities while E precursor significantly increased phosphodiesterase, urease and protease activities. Both precursors probably acted as microbial metabolic activators rather than nutrient sources for microorganisms .
Results by Li et al. (2011) ) were tested to determine the role of ethylene in response of plants to P deficiency (Li et al., 2011) . The effect of the above compounds was investigated on P concentrations in roots and shoots of Medicago falcata seedlings grown in P-sufficient and P-deficient solution. AVG and Co 2+ reversed the reduction in root P concentration, whereas ACC reduced root P concentration when seedlings were exposed to P-sufficient solution. P-deficient conditions considerably increased the activity of root acid phosphatase and expression of the encoding gene.
The promotion of enzyme production by the soil microbiota consequent to the addition of labile C and N substrates to soil was also demonstrated by Vong (2003), when examined the relationships between immobilized-S, microbial biomass-S and arylsulfatase activity in the rhizosphere soil from field-grown rape and barley plants. Indeed, rape rhizosphere soil showed a high activity of arylsulfatase per unit of microbial biomass-S, and organic acids were the most efficient substrates in increasing the production of the microbial enzyme. Brzostek et al. (2013) showed that the exudation of carbon (C) by tree roots stimulates microbial activity and production of extracellular enzymes in the rhizosphere. To estimate a rhizosphere effect, rates of root exudation, microbial and extracellular enzyme activity, and nitrogen (N) availability were measured.
Rhizosphere and bulk soil was sampled as influenced by four temperate forest tree species, associated either to ectomycorrhizal (ECM) or arbuscular mycorrhizal (AM) fungi. The activities of protease, the chitinolytic enzyme n-acetyl glucosaminidase (NAG), acid phosphatase and two ligninolytic enzymes, phenol oxidase and peroxidase were measured. C-root exudation did not differ between species and although of small entity, it was sufficient to provide carbon to rhizosphere microbes. Extracellular enzyme activities were strongly stimulated in the rhizospheres of beech, while rhizosphere effects were fewer for hemlock and sugar maple and almost absent in ash. Effects on N-cycling were also observed. It was concluded that C exudation has enhancing effects on both extracellular enzyme activity and nitrogen behavior (Brzostek et al., 2013) .
Despite this experimental evidence, it remains, still unclear, how the below ground flux of C exactly affects the activity of microorganisms, exo-enzyme production and the depolymerization of N-compounds.
Priming effects by CO 2 and exudate release
As defined by Kuzyakov et al. (2000) priming effects are" strong short-term changes in the turnover of soil organic matter caused by comparatively moderate treatments of the soil". Usually, they are the consequence of addition of organic C-substrates to the soil. As the turnover of soil organic matter is determined by variations in CO 2 efflux or nitrogen mineralization rates, it is difficult to evaluate the origin of extra CO 2 -C (primed carbon) or N precisely. Rhizosphere enzymes Moreover, processes such as an accelerated microbial turnover may contribute to the CO 2 efflux rates or N mineralization variations. In fact, when the amount of labile substrates increases, they begin more available to microorganisms and, in turn, an increased enzyme production or activity may occur with a consequent increased co-metabolic decomposition of soil organic matter (Kuzyakov et al., 2000) . Therefore, it can be stated that soil microorganisms are primarily or incidentally responsible of the real priming effects.
When the process occurs in the rhizosphere it is called rhizosphere priming effect (RPE) (Haichar et al., 2014) .
Elevated CO 2
As schematized in Figure altered enzyme activity and/or production rather than microorganism's quantity (Haase et al., 2008) .
Different effects of elevated atmospheric CO 2 at different nitrogen application treatments were also observed for β-glucosidase, invertase, urease, acid phosphatase and β-glucosaminidase activities under a rice/wheat rotation (Yuan et al., 2006) . Invertase, xylanase, urease, protease, arylsulfatase, and alkaline phosphatase activities were measured in spring and summer when calcareous grassland was exposed to ambient and elevated CO 2 concentrations (Ebersberger et al., 2003) . Different responses were observed among enzymes, the two seasons and the CO 2 concentrations. In spring, a general increase of enzyme activities occurred at elevated CO 2 . A correlation among increased enzyme activities, soil moisture and root biomass led to conclude that probably elevated CO 2 will enhance below-ground C-and N-cycling in grasslands (Ebersberger et al., 2003) .
Exudates release
Expression and repression of extracellular enzyme activity in the rhizosphere may be important to understand the relationship between enzyme activity and intensity/direction of RPE due to exudates.
The input of a substance inducing priming effect can activate the microbial synthesis of intracellular and extracellular enzymes, or can serve as energy source to microorganisms for the production of extracellular enzymes with the subsequent increase in the decomposition of native soil organic matter.
Microbial nutrition competition can be also responsible of the response of RPE to exudate release. microorganisms by the addition of the easily available organic C (Kuzyakov et al., 2000; Zhu et al., 2014) .
Different types of plants, soil management, temperature, drought, salinity
Types and species of crops may influence rhizosphere enzyme activity and production. Usually, crops with higher root developments stimulate enzyme activities by the rhizosphere effect. Consequently, soil management influencing crop growth may also influence enzyme production at rhizosphere.
Highest acid phosphatase activity was measured in the rhizosphere of white lupin, followed by faba bean, field pea and wheat (Nuruzzaman et al., 2006) .
Moreover, this activity was higher in the rhizosphere of all species as compared with bulk soil and enhanced when citrate was present in the soil and no phosphorus fertilization occurred.
Arylsufatase activity was measured in the rhizosphere and roots of Sinapis album, Lolium perenne, Triticuma estivum and Brassica napus, grown on three different soils from a long-term field experiment (Knauff et al., 2003) . Soils were supplemented with mineral fertilizer, compost and farmyard manure. The enzyme activity was highest in the rhizosphere of B.
napus and T. aestivum, and lowest of S. album and L. perenne in compost-supplemented soils. Moreover, results obtained in roots of sterile-grown plants suggested that arylsulfatase activity derived from endophytic bacteria rather than higher plants (Knauff et al., 2003) .
Eleven extracellular enzymes involved in C, N, P, and S cycling differently responded to inorganic and organic fertilization in both the rhizosphere and bulk soil samples from a long-term (31-year)
fertilizer experimental field at the wheat reproductive stage (Ai et al., 2012) . In particular, six treatments were investigated: without fertilization, fertilizer N, fertilizer N and P, fertilizer N, P and K, organic manure, and organic manure plus fertilizer N, P and K.
Inorganic fertilizers generally preserved or decreased several enzyme activities in the rhizosphere, but significantly increased them in the bulk soil. However, organic treatments enhanced most enzyme activities in both the rhizosphere and bulk soil. The abundance of bacteria, fungi and actinomycetes in the rhizosphere did not significantly differ between inorganic and organic treatments, whereas most significant changes occurred in the bulk soil. These results suggested that different fertilization regimes greater influenced the microbial community in the bulk soil than in the rhizosphere (Ai et al., 2012) .
Temperature can also affect rhizosphere enzyme activities. For instance, the activity of phytase in the rhizosphere of four annual crops (cluster bean, moth bean, mung bean, pearl millet), three trees (neem, mopane, eucalyptus) and two grasses (dhaman, sewan), grown in an arid environment, was differently affected by either temperature or tillage (Yadav and Tarafdar, 2004) . Linked to water stress is also salinity, mainly in semiarid and arid soils. Usually, soil enzyme activities decrease under saline conditions (Gianfreda and Bollag, 1996; Gianfreda and Ruggiero, 2006) . In decline in enzyme activity may be also hypothesized (Gianfreda and Bollag, 1996) .
Plants-microorganisms interactions
As shown in Figure 1 and above discussed, the functional activity in the rhizosphere is greatly Under iron (Fe) deficiency conditions, grasses produced specific chelators, such as phytosiderophores and siderophores (Marschner et al., 2011) . These phytase genes from Aspergillus and Bacillus released phytases with higher activity versus various organic P sources or with changed specificity (use of phytate as the sole P source) (Egamberdieva et al., 2011; George et al., 2005) . When the plant-derived extracellular phytase was added to soil, the enzyme was, however, rapidly adsorbed on the soil matrix and lost its activity. The phenomenon was less pronounced in the rhizosphere soil indicating that the rhizosphere environment may preserve much more phytase activity in solution. (George et al., 2005) .
However, possible negative effects on microbial community could occur in the rhizosphere of transgenic plants, whose biochemistry has been manipulated. 
Similar results were obtained with transgenic
Arabidopsis (Mudge et al., 2003) . Aspergillus niger phytase gene, active in the root epidermis only when the plant is grown on medium containing low phosphate concentrations, was inserted in the Arabidopsis by means of a specific phosphate transporter promoter.
Transgenic Arabidopsis efficiently secreted phytase and grew on medium containing phytate as a sole P source, thus confirming the efficacy of transgenic technology to improving crop P uptake and nutrition (Mudge et al., 2003) .
Rhizosphere enzymes and functional diversity
Previous findings clearly demonstrate that soil enzyme activities and mainly rhizosphere enzymes may well serve as indicators of microbial functional diversity (Caldwell, 2005) .
Total soil include genetic, taxonomic and functional diversity (Zak et al., 1994) . Therefore, functional diversity is one of the elements contributing to the overall soil biodiversity and in turn, it depends on the genetic variability within a taxon, the environmental effects on gene expression and the ecological interactions among tax. For Insam et al. (1989) microbial functional diversity represents "the sum of the ecological processes developed by the organisms of a community and it can be expressed through species or important groups to maintain several functions in the soil, while the genetic one represents gene and genotype variations". As such, it can provide a more practical and ecologically relevant measure of microbial diversity (Marinari et al., 2014) .
While physiological or genetic diversity of soil microorganisms is a measure of the microbial potential, functional diversity of soil enzymes gives a measure of actual activity deriving from that potential (Caldwell, 2005) . As reported above, phenomena occurring in the rhizosphere may interfere and greatly affect the functional diversity of the microbial community living in it. Indeed, rhizosphere microbial community and composition may change depending on the amount, type and composition of root exudates.
Moreover, root exudates will be different depending on the plant species that will influence and stimulate the abundance and survival of particular groups of microorganisms. The composition of these microbial groups will determine the potential for enzyme synthesis and finally root exudates will modify the actual rate of enzyme production and their activity.
It can be concluded that a greater functional diversity of microbial community in the rhizosphere will result in elevated activities of many enzymes (see review by Marinari et al., 2014 ).
It appears evident that these statements are worthwhile and functional diversity is determined, provided rhizosphere enzyme activities (involved in as many as possible nutrient's cycles) could be easily and clearly estimated and possibly combined in diversity indexes or microbial indexes.
Rhizosphere enzymes and pollutants
The interactions occurring between microorganisms and enzymes increase the potentiality of the rhizosphere in the transformation and/or degradation of polluting compounds, with results in the restoration of polluted environments. Indeed, plants and microorganisms synergically interact to each other Rhizosphere enzymes with beneficial, mutual effects of microbial and plant on a more efficient removal of pollutants from the contaminated soil.
The "rhizosphere effect" for pollutant transformation was well described by Siciliano and Germida (1998) "Microorganisms may reduce the phytotoxicity of contaminants to the point where plants can grow in adverse soil conditions, thereby stimulating the degradation of other, non-phytotoxic contaminants"
and by Walton et al. (1994) Rhizosphere enzymes were also involved in plants subjected to environmental Hg stress (Li et al., 2013) . Indeed, greater superoxide dismutase (SOD),
catalase ( with plants (Zhuang et al., 2006) . Table 1 . In particular, the technique was applied to study phosphatase activities in the rhizosphere of Lupinus albus L and Hordeum Vulgare and their dependence on P availability and C allocation.
Zymography is a non-destructive in situ method for the exploration of two-dimensional distributions of enzyme activities with a high spatial resolution. The usual protocol for the soil in situ zymography was adapted from standard zymography assays for protease and amylase activity detection in electrophoresis gels . The protease zymographyis based on the observation that Coomassie Brilliant Blue stains proteins, but not proteolytic products such as small peptides and amino acids. Moreover, the coupling with 14 C imaging and use of fluorescent substrates enhanced the efficiency of the method .
As shown in Figure 4 , soil zymography allowed to obtaining hotspots of acid and alkaline phosphatase activity in the rhizosphere of Lupinus albus L . It was demonstrated that acid phosphatase activity (produced by booth roots and microorganisms) was closely associated with roots, whereas alkaline phosphatase activity (produced only by microorganisms) was more widely distributed, leading to a 2.5-times larger area of high activity of alkaline than of acid phosphatase in soil. Results also indicated a spatial separation of various organisms able to mineralize organic phosphorus. Moreover, it was possible to reveal that P fertilization strongly decreased alkaline phosphatase activity, but had no effect on acid phosphatase activity (Figure 4 days after shoot cutting (Spohn and Kuzyakov, 2014) .
The analysis also indicated that hotspots of enzyme activity in soil strongly depended on carbon inputs such as rhizo deposits and root detritus.
All these results confirm soil zymographyas a very efficient technology. It allowed highlighting a spatial differentiation of plant and microbial extracellular enzyme activities, to identify micro-hotspots of enzyme activity up to several cm away from living and dying roots, and to identify that some of them most likely were caused by microorganisms (Spohn and Kuzyakov, 2014) .
Stoichiometry studies
Recently, Bell et al. (2014) studied the relation between rhizosphere enzymes and soil, plants and microbes by utilizing the stoichiometry approach developed by Sinsabaugh and co-workers (2008; .
In different ecosystems, Sinsabaugh and Follstad Shah (2011; and Sinsabaugh et al., (2008;  2009) related, with stoichiometric evaluation, the activities of several enzymes, representative of soil microbial functions, to different soil properties and functions such as global biomass composition, nutrient dynamics, soil organic matter storage, energy and nutrient availability in the environment, microbial nutrient assimilation, growth and expression efficiency. From overall results, the authors concluded that a similar stoichiometry can be derived between the more common measured soil enzymatic activities and all microbial communities (Sinsabaugh and Follstad Shah, 2011; Sinsabaugh et al., 2008; ). Moreover, "By identifying how rhizospheres differ among plant species, we can better assess how plantmicrobial interactions associated with ecosystem-level processes may be influenced by plant community shifts" (Bell et al., 2014) .
Conclusive remarks
The findings briefly commented in this paper clearly indicate the importance of rhizosphere enzymes in the eco-physiological life of soil. They govern and drive many important processes fundamental to plant and microorganism survival.
Being produced in a restricted soil area their production and activity may be affected by several factors, more or less influencing their final function.
An important role is played by plant exudates. They may have greatly effect on expression and repression of extracellular enzyme activity in the rhizosphere.
The knowledge of the dynamic of these two processes may be helpful to understand the relationship between enzyme activity and intensity/direction of priming effect due to plant exudates.
Moreover, higher activity of several enzymes can be interpreted as a greater functional diversity of the microbial community in the rhizosphere. Insights in this topic may derive by rhizosphere stoichiometry.
It is a unique approach to evaluating plant-microbial interactions within a single ecosystem, which integrates information related to soil ecology and plant species' abundances. Finally, rhizosphere enzymes may have great potentialities in soil remediation.
As early claimed by Lynch (1994) the lack of reliable, accurate and universal methodologies has hampered for many years the study of the population biology in the mechanisms of biogeochemical processes and the controls on microbial diversity" (Rao et al., 2014) .
